Aluminium is one of the most abundant elements in earth's crust and its manifold uses result in an exposure of the population from many sources. Developmental toxicity, effects on the urinary tract and neurotoxicity are known effects of aluminium and its compounds. Here, we assessed the health risks resulting from total consumer exposure towards aluminium and various aluminium compounds, including contributions from foodstuffs, food additives, food contact materials (FCM), and cosmetic products. For the estimation of aluminium contents in foodstuff, data from the German "Pilot-Total-Diet-Study" were used, which was conducted as part of the European TDS-Exposure project. These were combined with consumption data from the German National Consumption Survey II to yield aluminium exposure via food for adults. It was found that the average weekly aluminium exposure resulting from food intake amounts to approx. 50% of the tolerable weekly intake (TWI) of 1 mg/kg body weight (bw)/week, derived by the European Food Safety Authority (EFSA). For children, data from the French "Infant Total Diet Study" and the "Second French Total Diet Study" were used to estimate aluminium exposure via food. As a result, the TWI can be exhausted or slightly exceeded-particularly for infants who are not exclusively breastfed and young children relying on specially adapted diets (e.g. soy-based, lactose free, hypoallergenic). When taking into account the overall aluminium exposure from foods, cosmetic products (cosmetics), pharmaceuticals and FCM from uncoated aluminium, a significant exceedance of the EFSA-derived TWI and even the PTWI of 2 mg/kg bw/week, derived by the Joint FAO/WHO Expert Committee on Food Additives, may occur. Specifically, high exposure levels were found for adolescents aged 11-14 years. Although exposure data were collected with special regard to the German population, it is also representative for European and comparable to international consumers. From a toxicological point of view, regular exceedance of the lifetime tolerable aluminium intake (TWI/PTWI) is undesirable, since this results in an increased risk for health impairments. Consequently, recommendations on how to reduce overall aluminium exposure are given.
Introduction
After oxygen and silicon, aluminium is the third most abundant element and thus the most common metal of the earth's crust. Due to its properties, nowadays aluminium is used in numerous products and technical processes. Hence, it has become the second most important metallic material after steel. In 2017, approximately 64 million tons of aluminium were produced worldwide (IAI 2018) . Considering the frequent discussion about the use of aluminium and its toxicological safety, the aim of this study was to estimate the overall exposure for consumers of different age groups and to perform a comprehensive risk assessment.
Exposure
Consumer exposure results from a variety of sources. Many unprocessed foods, such as fruits, vegetables, cereal products, and cocoa, inherently contain aluminium. In addition, there is a contribution from food additives and articles for packaging, processing or storage of foods, whether made of paper, plastic, ceramics or metal. Additional potentially significant sources of exposure are cosmetics and personal care products such as antiperspirants, toothpaste, and sunscreen, from which aluminium can be absorbed either orally or through the skin.
Absorption distribution metabolism excretion (ADME)
For the toxic effects of aluminium-apart from the skin irritation effect of some aluminium compounds-the systemically available amount is decisive. Aluminium compounds are usually poorly absorbed after oral ingestion (maximum about 1%) (BfR 2014) . Absorption varies by one to two orders of magnitude depending on the aluminium compound ingested and other parameters such as pH value, calcium or iron status as well as the amount ingested or presence of other substances. For instance, the uptake is increased by lactate, citrate, and fluoride and significantly reduced by the presence of silicates or phosphate. The average oral absorption from food is 0.1% (EFSA 2008) . Absorption from drinking water is slightly higher with approximately 0.3% (SCHEER 2017) . There are only a few studies on the dermal uptake of aluminium compounds, particularly in man. Uptake and urinary excretion were followed in an in vivo study on two individuals (one woman, one man), using the rare isotope 26 Al. The isotope was applied to one armpit of each person in the form of aluminium chlorohydrate (ACH) and the excretion was determined for 53 days. Based on their measurements and information on the mean renal excretion rate of 85% of the absorbed aluminium (Priest et al. 1995) , the authors calculated an average absorption rate of 0.014% (Flarend et al. 2001) . Recently published preliminary data from another, more comprehensive human toxicokinetics study (de Ligt et al. 2018) show very similar absorption rates through intact skin. An in vitro study (Pineau et al. 2012) showed average penetration rates through intact skin of 1.6%, 0.6% and 2.0% for the formulations "deodorant spray", "roll-on" and "stick", respectively (calculated according to the "Notes of Guidance for the Testing of Cosmetic Ingredients and their Safety Evaluation" of the Scientific Committee on Consumer Safety of the European Commission (SCCS 2018) as the sum of the aluminium contents in living epidermis, dermis and receptor fluid). With 10.7%, the penetration rate through skin samples in which the stratum corneum was damaged by "tape-stripping" was significantly higher (Pineau et al. 2012) . The absorption of aluminium after uptake by inhalation is not sufficiently investigated to allow for a comprehensive exposure calculation (EFSA 2008) . The existing studies estimate the absorption rate to 1.5-2%, but cannot reliably prove whether aluminium absorption took place (only) via the lungs or (also) orally after mucociliary cleansing (Krewski et al. 2007; Yokel and McNamara 2001) . Direct absorption via the nasal tract has also been discussed (Yokel and McNamara 2001) .
After absorption, aluminium is distributed to all tissues. Accumulation takes place in almost all tissues, especially in bones and muscles, in the kidney, but also in the brain (COT 2013; EFSA 2008; JECFA 2012) . The presence of aluminium in the lungs results primarily from aluminium compounds inhaled and deposited there.
Unabsorbed orally ingested aluminium is excreted via the faeces. In contrast, absorbed aluminium is excreted mainly via urine with a half-life of approximately 1 day in a first phase (JECFA 2012) . After aluminium uptake over a longer period of time, the half-life increases to up to 50 years, which indicates the existence of various aluminium deposits in the body (EFSA 2008; JECFA 2012) . postulated a possible correlation (Darbre 2001; Exley et al. 2007; Mannello et al. 2011; Romanowicz-Makowska et al. 2012) , up to now, aluminium could not be proven to be causative for cancer development. In animal studies even at high doses of up to 850 mg/kg bw/day, no carcinogenic effects were observed (Oneda et al. 1994) , and also two epidemiological case studies failed to establish a connection between the use of antiperspirants and the incidence of breast cancer (Fakri et al. 2006; Mirick et al. 2002) . After critical analysis of all published studies on the topic, a French expert group concluded in 2008 that the use of aluminium-containing antiperspirants is unlikely to be a risk factor for the development of breast cancer (Namer et al. 2008) . Instead, other studies suggest that accumulation of aluminium in diseased tissue could be the result rather than the cause for cancer development (Mirick et al. 2002; Ogoshi et al. 1994 ). This hypothesis is further strengthened by the findings of other studies that the amount of other elements, such as iron, nickel, chromium and lead, is also significantly elevated in breast cancer tissue (Ionescu et al. 2007; Romaniuk et al. 2017 ). However, one recent study indicates the respective aluminium to at least partly originate from the use of antiperspirants (Lenhart et al. 2017 ).
Reproductive toxicity
Oral administration of aluminium in rabbits and dogs led to a decrease in testes weights and sperm quality. The highest no adverse effect levels (NOAELs) after oral ingestion in dogs were between 27 and 88 mg/kg bw/day (EFSA 2008) . Detrimental effects on embryos were observed only at relatively high doses (≫ 100 mg/kg bw/day) (EFSA 2008; Pi et al. 2019 ).
Neurotoxicity
Since aluminium is able to cross the blood-brain barrier, it can reach and subsequently accumulate in the brain (BfR 2014; Inan-Eroglu and Ayaz 2018; Lukiw et al. 2019; Mehpara Farhat et al. 2019) . At doses above 200 mg/kg bw/ day, neurotoxic effects such as behavioural disorders have been observed in animal experiments even in the absence of pathological lesions to the brain. Peripheral dysfunctions were also observed (Martinez et al. 2018) . For disturbance of the vestibulo-ocular reflex in rats of different ages, EFSA determined a NOAEL of 30 mg/kg bw/day (EFSA 2008) . In humans, elevated, toxicologically relevant levels of serum aluminium led to encephalopathy, as observed for example at high concentrations of aluminium in water parenterally administered to dialysis patients or as a consequence of therapeutic intake of aluminium hydroxide (Candy et al. 1992; Krewski et al. 2007; Seidowsky et al. 2018) . In addition to brain damage, this so-called dialysis encephalopathy is also characterised by both anaemia and a vitamin D-resistant disorder of bone mineralisation (BfR 2007) .
The German Permanent Senate Commission for the Investigation of Health Hazards of Chemical Compounds in the Work Area (MAK Commission) evaluated several studies on aluminium concentrations in the urine of human workers with respect to related cognitive deficiencies (Klotz et al. 2018) . From these, the MAK Commission derived a NOAEL of 50 µg Al/g creatinine. The "background concentration" (biological reference value; BAR value) in urine of not occupationally exposed humans was estimated to 15 µg/g creatinine (95th percentile) by the MAK Commission (Klotz et al. 2019) .
In the past, neurotoxic effects of aluminium were frequently associated with Alzheimer's disease (AD) (Inan-Eroglu and Ayaz 2018; Lukiw et al. 2019; Nie 2018 ), a disorder characterised by the accumulation of pathological amyloid deposits in the brain. These deposits are believed to originate from the conversion of membrane proteins as a result of the destruction of nerve cells or cell membranes, a phenomenon that increases with age. However, various epidemiological studies failed to connect aluminium levels in drinking water with the incidence of AD, not the least due to inconsistencies within the available data. Also, for elevated levels of aluminium observed in damaged brain areas (Lukiw et al. 2019; Mold et al. 2019 ) of AD patients, it could not be elucidated whether the aluminium deposits were causative or rather symptomatic of the disease (for a detailed description, see BfR (2007)).
Furthermore, the neuropathological changes in AD significantly differ from those in patients suffering from dialysis encephalopathy. Therefore, a causal relation between aluminium and AD remains questionable (BfR 2007; EFSA 2008; IPCS 1997; JECFA 2012) .
Developmental toxicity
For derivation of a tolerable weekly intake (TWI), EFSA (2008) considered developmental toxicity as the most critical endpoint. In a number of studies, both young and adult animals exhibited slowed reflexes, motor disturbances (grip strength), behavioural changes such as altered escape behaviour, as well as delayed puberty and adulthood. In some cases, learning and memory disorders could also be seen (Golub and Germann 2001) . For the effects described, the lowest observed adverse effect levels (LOAELs) were in the range of 50-500 mg/kg bw/day. The lowest LOAEL and NOAEL of 50 mg/kg bw/day and 10 mg/kg bw/day, respectively, were used by EFSA (2008) as starting values for the derivation of a TWI.
Organ toxicity
While EFSA chose developmental toxicity for the derivation of a TWI, JECFA (2012) considered the formation of concrements in the efferent urinary tract and the subsequent occurrence of hydronephrosis, which had been reported in a more recent 12-month study on rat developmental neurotoxicity (Poirier et al. 2011) , as the most critical endpoints. The NOAEL was 30 mg/kg bw/day.
Other toxicity
Apart from the toxic effects already described above, repeated and long-term administration of aluminium in animal experiments was reported to also lead to unspecific effects such as reduced body weight gain, slight behavioural changes (e.g. anxiety or libido), as well as visual changes such as hair loss or piloerection (EFSA 2008; JECFA 2012; SCCS 2014) . Toxicity to bone was reported in humans and animals (Klein 2019; Rodriguez and Mandalunis 2018) .
To lower the overall exposure of consumers towards aluminium, the use or release, respectively, of aluminium is subject to regulation by various laws: Regulation (EU) No 10/2011 sets a Specific Migration Limit (SML) for the transition of aluminium from plastic materials into food (simulants) of 1 mg/kg food (simulant). In 2013, in consensus with the industry, the Council of Europe concluded that a maximum release of 5 mg aluminium/kg food from metals and alloys is technically achievable and sets this value as Specific Release Limit (SRL) (EDQM 2013). Regulation (EC) No 1333/2008 sets Maximum Levels (SMLs) for the use of various aluminium-containing food additives in certain foods. Furthermore, Regulation (EC) No 1223/2009 lays down restrictions such as maximum concentrations and conditions of use for the application of certain aluminium compounds in cosmetic products. The Directive on the safety of toys (Directive 2009/48/EC) sets migration limits for "dry, brittle, powder-like or pliable" (5625 mg/kg), "liquid or sticky" (1406 mg/kg), and "scraped-off" (70,000 mg/kg) toy materials, respectively.
Nevertheless, for consumers various sources of aluminium exposure are still present and risk assessment of the resulting overall exposure is necessary.
Methods
For the risk assessment, the estimated overall exposure was compared to the health-based guidance values derived by EFSA and JECFA for the age groups of infants and toddlers (≤ 36 months), children (3-10 years), adolescents (11-14 years) and adults (> 14 years).
Health-based guidance values
To take account of the accumulation and very long half-life of aluminium in the body, instead of a tolerable daily intake (TDI) EFSA (2008) and JECFA (2012) derived a tolerable weekly intake (TWI) on the basis of the aforementioned adverse effects.
EFSA considers developmental neurotoxicity to be the most critical effect. The LOAELs from various studies are between 50 and 500 mg/kg bw/day, and the NOAELs range between 10 and 42 mg/kg bw/day (EFSA 2008) . The lowest LOAEL/NOAEL originates from a study in mice (Golub and Germann 2001) . EFSA included both the LOAEL of 50 mg/kg bw/day and the NOAEL of 10 mg/kg bw/day in the derivation of the TWI. This resulted in a TWI of 1 mg/ kg bw/week (EFSA 2008) .
Based on a study in rats (Poirier et al. 2011 ), JECFA considers the formation of concrements in the efferent urinary tract and the resulting damage to the kidney as the most critical endpoint. Applying the NOAEL of 30 mg/kg bw/day JECFA (2012) derived a provisional TWI (PTWI) of 2 mg/ kg bw/week. This assessment was shared by the Scientific Committee on Consumer Safety (SCCS 2014) and the Scientific Committee on Health, Environmental and Emerging Risks (SCHEER 2017).
Exposure assessment
The overall exposure is compared to health-based guidance values (see above). These were derived for the oral route. They correspond to a systemic exposure after absorption in the gastrointestinal tract. Hence, analogous to the procedure of the Norwegian "Scientific Committee for Food Safety" (VKM 2013), we decided to first convert the contributions from non-oral sources via the respective absorption rates into a systemic exposure and afterwards to calculate an oral exposure which would lead to the same systemic exposure (oral exposure equivalents).
Where necessary, the following default body weight values were applied: 60 kg for adults (according to Regulation (EU) 10/2011), 42 kg for adolescents aged 11-14 years, 22 kg for children aged 3-10 years, 12 kg for infants aged 1-3 years and 6 kg for infants up to 12 months [all values are the median according to EFSA (2012) ].
Although exposure data were collected with special regard to the German population, it is also representative for European and comparable to international consumers, because respective data sources were also taken into account.
Dermal aluminium exposure
The most important non-dietary intake source of aluminium is dermal exposure from cosmetics, especially antiperspirants, which, according to a previous exposure estimation (BfR 2014), may reach or even exceed the TWI derived by EFSA. Exposure estimation is difficult as for most products robust data on the absorption rate through skin are lacking. However, in order to still be able to make an estimate, we used the results of an in vivo study (Flarend et al. 2001 ) on the dermal absorption of aluminium from antiperspirants, in which an absorption rate through intact skin of 0.014% was calculated. For the recalculation into an oral exposure, the mean rate of 0.1% for the absorption of aluminium from food estimated by EFSA (2008) is used.
To estimate the quantities of daily usage and the exposed skin surface for each product, the standard values of the SCCS "Notes of Guidance for the Testing of Cosmetic Ingredients and their Safety Evaluation" (SCCS 2018) were used.
Oral aluminium exposure
Food is presumed to be the most important contributor to oral exposure (EFSA 2008) . Data on food consumption in adolescents and adults were taken from the German consumption study "Nationale Verzehrsstudie II" (National Nutrition Survey II; NVS II) of the Max Rubner Institute (MRI). The estimation is based on the data from two independent non-consecutive 24-h recalls, from 13,926 German individuals aged 14-80 years (Krems et al. 2006; MRI 2008) . The intake estimates were based on the individual body weights of the respondents.
Data on the aluminium content of foods were taken from the German pilot total diet study (TDS), which was carried out within the framework of the European "Total Diet Study Exposure" (TDS-Exposure) project (http://www.tds-expos ure.eu) according to the criteria laid down by EFSA/FAO/ WHO (2011) [already described in Kolbaum et al. (2019) ]. The selection of foods for the TDS is based on the consumption data of the NVS II and is described in detail by Dofkova et al. (2016) . The food list comprises 246 different composite samples (pools), with each pool consisting of 12 individual samples, and covers 94% of the total food consumption. Foods from the food groups "Food products for young population" and "Additives, flavours, baking and processing aids" were not included, as they are either not or not significantly consumed by the adult population. Grocery shopping took place between March 2014 and February 2015 in the Berlin area (Germany). Before analysis, the food was prepared following procedures recorded in the NVS II or using typical household recipes from the best-selling recipe books. After preparation, the subsamples were pooled and homogenised with inert materials such as stainless steel or titanium to avoid contamination of the samples. The samples were analysed in duplicate using ICP-MS ("inductively coupled plasma mass spectrometry") at the BfR and at a contract laboratory. Both laboratories are accredited according to DIN EN ISO/IEC 17025. Depending on the respective matrix and laboratory, the limit of quantification (LOQ) was between 0.0002 and 0.72 mg/kg. The tap water from the TDS kitchen was analysed separately, and aluminium values were found to be in a low range of < 0.05 mg/kg.
To estimate the long-term dietary intake of aluminium, the occurrence data from the pilot TDS were linked to the consumption data of the NVSII. The calculation was carried out using the web-based probabilistic Monte Carlo Risk Assessment software MCRA (Version 8.2 and 8.2.11, https ://mcra.rivm.nl) and applying the "observed individual means" (OIM) model. Results are displayed in mg/kg bw/ week for both the average (mean) and the high-intake consumers (95th percentile, P95), including the corresponding 95% confidence intervals (CIs). For contents below the respective limit of quantification (< LOQ), two approaches were used: In the Lower Bound (LB) approach, all values below LOQ are set to zero, while in the Upper Bound (UB) approach all values below LOQ are set equal to LOQ. In this way, the range of the actual exposure is described.
The pilot TDS considered food and consumption only for adults. Therefore, data from the second French TDS (ANSES 2011) and the French infant (i)TDS (ANSES 2016; Sirot et al. 2018) were used for the estimation of the dietary aluminium intake of infants, toddlers and children. In terms of methodology, representativeness and topicality, these data are currently considered as the most appropriate data basis for assessment of risk for the German population.
The application of aluminium and certain aluminium compounds as food additives in certain foods is permitted in the European Union according to regulation (EC) No 1333/2008. In recent years, the usage of food additives containing aluminium has been restricted significantly. EFSA (2018) recently re-evaluated substances E520, E521, E522, E523 and E541 and considered the exposure resulting from the use of these additives to be negligible and hence of no safety concern. However, it was recommended that the combined exposure to aluminium from all the aluminiumcontaining food additives should be assessed. In addition, it should be noted that background exposure to food additives is already taken into account in the available TDS data by sampling of industrially produced processed foods. Hence, no additional contribution from food additives was considered for the overall aluminium exposure.
To estimate the oral exposure to cosmetic products such as toothpaste and lipstick, the specifications of the SCCS guideline "Notes of Guidance for the Testing of Cosmetic Ingredients and their Safety Evaluation" (SCCS 2018) with regard to the daily amount of use of the products were applied. Contributions from other sources of exposure, e.g. food contact materials or pharmaceuticals, were estimated according to respective evaluations in the literature (BfR 2017b; PEI 2015; Sander et al. 2018) .
Aluminium exposure by inhalation
Apart from residential areas in the vicinity of intensive aluminium mining, no significant inhalation exposure, e.g. from ambient air or house dust, is to be expected for consumers (SCHEER 2017) . For the application of antiperspirant aerosol sprays, it could be assumed that a part of the spray might be inhaled. However, in a study on monkeys (Finkelstein and Wulf 1974) , only 0.25% of the applied portion of spray was inhaled, even though it was sprayed directly into the face. The portion that reached the lower respiratory tract was even lower (0.02%). Estimation of the exposure by inhalation is not possible, because data on the absorption rate via the lungs are not sufficiently reliable (EFSA 2008) . However, application of the existing data (Krewski et al. 2007; Yokel and McNamara 2001 ) for a rough estimation shows that the combined dermal and inhalative exposure resulting from the use of antiperspirant aerosol sprays is lower than the exposure from the use of antiperspirant roll-ons or creams. This is due to the lower aluminium content in sprays in comparison to roll-ons or creams (IKW 2016a, b, d) as well as the lower quantities of daily usage of sprays according to SCCS (2018) . Hence, in the exposure estimation, application of roll-ons or creams (without inhalative exposure) is used as worst case assumption.
Results

Estimation of exposure from different sources
Aluminium content in foods
The main sources of dietary aluminium exposure are summarised in Tables 1 and 2 [according to Kolbaum et al. (2019) ]. Table 1 shows food in main groups according to EFSA's FoodEx2 classification (EFSA 2011). Table 2 gives an overview of the ten food pools with the highest aluminium content. Aluminium was detected in 86% of the 243 samples. Food groups with especially high aluminium contents are "legumes, nuts, oilseeds and spices" and "sugars, sweets and water-based sweet desserts", with an average aluminium content of 28.5 mg/kg and 21.1 mg/ kg, respectively. The high contents found in these food groups are mainly due to the pools "spices" or cocoa-containing products, such as "bitter chocolate" and "pralines" (Table 2) . For all other food groups the concentrations range between 0.1 and 5.2 mg/kg. No aluminium was detected in the group "animal and vegetable fats and oils".
Dietary aluminium intake for the German adult population
The mean aluminium intake for the adult population (14-80 years) in Germany ranges between 0.18 mg/kg bw (LB) and 0.21 mg/kg bw (UB) per week (Table 3) . For highly exposed persons (P95), the weekly aluminium intake ranges between 0.42 mg/kg bw (LB) and 0.44 mg/kg bw (UB). There are no significant differences between age and gender groups. These intake values correspond to 18-21% (mean) and 42-44% (P95) of the EFSA-derived TWI of 1 mg Al/kg bw/week. With 11% of total aluminium intake, the main contribution results from instant tea beverages. Other relevant sources of exposure are mixed vegetable salads, tea beverages, bitter chocolate and multigrain bread (see Fig. 1 ). Other cocoa and chocolate products also contribute to the overall aluminium intake (not shown separately). Hence, the data presented here are in line with the results of a study on aluminium intake via cocoa and chocolate products, which was carried out in 2017 on the basis of data from the German food monitoring programme (BfR 2017a).
Due to the high consumption in combination with the LOQ, natural mineral water appears to be among the main contributors of aluminium intake in the UB approach. However, aluminium content was below the detection limit in the respective samples. In general, there is only a slight difference between the LB and UB approach with respect to the main intake sources. Contributors are diversely distributed over different food groups and cannot be assigned to a specific consumption pattern.
The estimated aluminium intake through food in the German adult population [0.18-0.21 mg/kg bw/week (mean); 0.42-0.44 mg/kg bw/week (P95)] is in good accordance with other European data. The aluminium intake of adults in France was estimated to be on average at 0.28 mg/kg bw/ week and at 0.49 mg/kg bw/week for high-intake consumers (ANSES 2011; Arnich et al. 2012) . The slightly higher values result from the applied middle bound approach in combination with significantly higher LOQ. In a recent study for the Italian adult population, a mean intake of 4.1 mg/day (corresponding to 0.48 mg/kg bw/week; bw = 60 kg) was estimated (Filippini et al. 2019) . Data from EFSA (2008) as well as studies from non-European countries such as Australia and New Zealand (FSANZ 2011 (FSANZ , 2014 MPI 2016) , Hong Kong (CFS 2013) or China (Liang et al. 2019) show slightly or significantly higher aluminium intakes. However, due to older data (EFSA 2008) or differences in the eating 
Dietary aluminium intake for infants, toddlers and children
The results from the French TDS and iTDS (ANSES 2011 (ANSES , 2016 Sirot et al. 2018) , covering the age between < 1 month and 14 years, are presented in Tables 4 and 5. The mean aluminium intake increases from 0.21 to 0.37 mg/kg bw/week (LB) in the first 36 months. In the 90th percentile, the intake increases from 0.43 to 0.61 mg/kg bw/week (LB). According to the authors, the increase results from the stepwise inclusion of additional food products in the daily diet (Sirot et al. 2018 ). Infant formula is the main source of aluminium intake until the 4th month (85%). Afterwards, follow-on formulas, ready-to-eat vegetable meals for children, and vegetables (excluding potatoes) become increasingly important (> 10%) (Sirot et al. 2018) . The resulting average dietary aluminium intake corresponds to 21-37% of the TWI derived by EFSA. High-intake consumers take up 43-61% of this TWI (Table 4 ). Children aged 3-6 years have the highest dietary aluminium intake. Exposure for this age group is at 0.64 mg/kg bw/ week (mean) and 1.02 mg/kg bw/week (P95), corresponding to 64% and 102%, respectively, of the TWI derived by EFSA (Table 5) . With increasing age, aluminium intake gradually decreases to 0.34 mg/kg bw/week (mean) and 0.58 mg/ kg bw/week (P95). Vegetables (excluding potatoes), milkbased desserts and pasta are the main sources of aluminium intake among children (6-9%).
The data from the second French TDI and the iTDS are in good accordance with another recent study on infants and toddlers conducted by the Austrian agency for health and food safety (AGES 2017). The above-mentioned estimates for infants do not consider that alternatives for infant formulas (e.g. soy-based or hypoallergenic formula) may contain much higher aluminium contents. For example, Dabeka et al. (2011) found in an extensive study of 473 different infant formulas and substitutes in Canada on average about fourfold higher aluminium content in soy-based formulas (733 µg/kg) compared to milk-based formulas (177 μg/kg). Other modifications, such as amino acid pattern adjustments, hypoallergenic or lactosefree milks, also show higher aluminium values. Chuchu et al. (2013) found in 20 products sampled in the UK on average 3.6-fold higher levels in soy-based infant formula (706 μg/ kg) (N = 2) compared to the milk-based diet (195 μg/kg) (N = 18). All values refer to the conversion to reconstituted powder. Comparing data from the German TDS pilot with regard to aluminium contents in soy drinks (1.8 mg/kg) and cow milk (< LOQ) or soy yoghurt (0.4 mg/kg) and cow milk yoghurt (< LOQ), respectively, indicates that the respective infant products in Germany may also contain higher aluminium contents if they are soy based.
EFSA (2008) also concluded that adapted infant formulas, such as soy-based or hypoallergenic products, result in significantly higher exposure. In contrast, the modelled aluminium intake for 3 months old, exclusively breastfed infants is with 0.04 mg/kg bw/week (average consumption) and 0.06 mg Al/kg bw/week (high-intake consumption), respectively (EFSA 2008; JECFA 2007) , much lower than the intake of children fed with adapted products or infant formula (0.21-0.52 mg/kg bw/week in the first 6 months, compare Table 4 ). However, to model the data for breastfed infants, only one study from 1989 is used, which only reported contents below the limit of detection (< 50 μg/l). Table 6 summarises more recent data on aluminium content in human milk. The results range from 100% below the limit of detection in France to a maximum of 380 μg/l milk for Austrian women. On average, values between 13 and 67 μg/l as well as high standard deviations are reported. Hence, the data used by EFSA and JECFA lead to a rational, though not especially conservative exposure estimation. Figure 2 shows the cited French (ANSES 2011 (ANSES , 2016 Sirot et al. 2018 ) and the evaluated German data for the long-term dietary intake of aluminium in different age groups used for the risk assessment presented herein (data from Tables 3, 4, 5). In the first months of life, aluminium intake increases steadily with increasing variability in food choices. It must be taken into account that only non-breastfed children were included. Aluminium intake via breast milk is significantly lower than via intake via infant food. From the age of 6 years on, the aluminium intake is decreasing. Adults have the lowest exposure in relation to their body weight. There is a large variation in aluminium intake from food, which could be attributed to variable background levels, use of food additives, food contact materials and eating habits. Hence, for brand loyal consumers of products with high aluminium contents and for consumers of adapted infant formula, higher aluminium intakes might result.
Dietary aluminium intake summarised
Aluminium intake through food contact materials (FCM)
Materials and articles which are used for production, packaging, cooking, eating and storage of food can release aluminium into the food. EFSA (2008) estimated the weekly aluminium exposure to be higher for elderly people living in care facilities due to the assumed more frequent consumption of food from aluminium menu trays (average consumers: 0.57 compared to 0.41 mg Al/kg bw/week; high-intake consumers 1.14 compared to 0.88 mg Al/kg bw/week). Significant transition of aluminium into food is to be expected above all when uncoated aluminium articles are used in connection with acidic, basic or salty foodstuffs. In this context, the BfR had reported high aluminium contents in lye biscuits (Ertl and Goessler 2018) . Data on aluminium release from FCM made of ceramics (Beldì et al. 2016) or paper and board (BVL 2019) suggest that these FCM might be an additional source of aluminium exposure.
Aluminium intake through lipsticks
Lipsticks may contain colour pigments which contain aluminium or were produced by aluminium salt precipitation ("aluminium lakes"). Liu et al. (2013) analysed the aluminium content in 32 lipsticks. The maximum content was 27,000 mg Al/kg, the median 4431 mg/kg. In 11 lipsticks/ lip gloss, the "Norwegian Institute for Air Research" determined aluminium contents of up to 28,000 mg/kg (NILU 2011). The median was 7700 mg/kg. The Austrian AGES (2017) has examined 22 samples of lipsticks, incl. lip balm. The maximum content was 19,000 mg/kg and the mean at about 10,000 mg/kg. For lipsticks, only the oral route is relevant for the exposure assessment. Dermal uptake is expected to be negligible. For the calculation of the systemic exposure, the assumption that the whole amount applied to the lips is swallowed is considered to be conservative and covers a possible dermal exposure. According to the guideline of the SCCS (2018), about 0.057 g lipstick is applied daily. Based on the reported mean/median aluminium contents, the average weekly intake for an adolescent or adult (bw = 60 kg) is 0.029-0.066 mg Al/kg bw/week (mean or median aluminium contents reported in the studies cited above were used for the calculation). However, application of the lipstick with the highest reported aluminium content of 28,000 mg/kg (NILU 2011) would result in an intake of 0.19 mg Al/kg bw/week. For children between 11 and 14 years with a bw of 42 kg (see EFSA (2012)), the average exposure would be 0.042-0.073 mg Al/kg bw/week, while the lipstick with the highest aluminium content would lead to a systemic exposure dose of 0.27 mg Al/kg bw/week.
Aluminium intake through toothpaste
In toothpaste, the use of aluminium fluoride up to a concentration of 1500 ppm (0.15% based on the fluoride content) is permitted according to the European Cosmetics Regulation (Regulation (EC) No 1223/2009), but data on the actual use are scarce. However, the vast majority of products seem to contain sodium fluoride instead of aluminium fluoride. Hence, a relevant aluminium uptake can be expected only from the use of so-called "whitening" toothpastes, which may contain aluminium oxide or hydroxide as abrasives. According to a study by the predecessor institute of the Norwegian Food Safety Authority in 1997, the median value of the aluminium content is 4.5% (VKM 2013). Studies by AGES (2017) on 15 samples of toothpaste showed a high diversity of the results, with a mean content of 0.9% and a median of only 0.02%. The highest content found was 3.9%. According to SCCS (2018), about 2.75 g of toothpaste is used per day, of which about 138 mg (5%) is swallowed. For an adult, an aluminium content of 0.02% AGES (2017) would lead to an exposure of 0.003 mg Al/kg bw/week. For children between 11 and 14 years, the exposure would be Fig. 2 Long-term aluminium intake in different age groups. Data basis: French iTDS, second French TDS (ANSES 2011 (ANSES , 2016 Sirot et al. 2018) and German pilot TDS. Upper bound estimates for the age group 1-36 months and 14-80 years and middle bound estimates for the age group 3-6 years, respectively 
Dermal uptake of aluminium through antiperspirants
In most cases, the active ingredient of antiperspirants is ACH (roll-ons and sprays). IKW (2016a, b, c, d) reports ACH concentrations of up to 30% for antiperspirant creams and pump sprays, corresponding to an aluminium content of approx. 7.5%. AGES (2017) Dermal uptake of aluminium through sunscreen Nicholson and Exley (2007) determined the aluminium content in several sunscreen products and reported the highest content to be above 0.1% (w/w). AGES (2017) examined 14 samples of sunscreens. The aluminium content in 5 samples was below the LOQ. The average content of the remaining samples was 0.1%, with a maximum content of 0.8%. According to SCCS (2018) and RIVM (2006), a daily application of 18 g of sunscreen is assumed on 25 days/year. For the average aluminium content of 0.1%, an exposure equivalent of 0.02 mg Al/kg bw/week would result for adults. For the sunscreen with the highest measured aluminium content (0.8%), the exposure equivalent is 0.16 mg Al/kg bw/week. According to SCCS (2018), the ratio of body surface area to body weight is not constant across all age groups. The ratio for 1-year, 5-year and 10-year-old children is 1.6, 1.5 and 1.3 times higher than the ratio for adults. Thus, maximum exposure equivalents for these age groups of 0.26, 0.24 and 0.21 mg Al/kg bw/week, respectively, are calculated.
Other sources of exposure
Aluminium is a necessary adjuvant in certain vaccines as well as a main component of certain drugs to neutralise gastric acid in heartburn or inflammation of the upper gastric tract (antacids). The "Paul Ehrlich Institute" (PEI) estimates that the cumulative intake of aluminium from all aluminiumcontaining vaccines recommended in Germany in the first 2 years of life (2-5.8 mg intramuscular) is in the range of the systemic exposure, which can be estimated from tolerable dietary intake based on European or WHO limits (TWI/ PTWI) for the same period (PEI 2015) . Hence, an exposure equivalent of 1-2 mg Al/kg bw/week was calculated for children ≤ 2 years. Antacids may contain aluminium oxide or -hydroxide, -phosphate or aluminosilicates (RoteListe 2018). According to the "Model Lists of Essential Medicines" (WHO 2007), aluminium-containing antacids contain about 500 mg of aluminium hydroxide in tablet form or 320 mg (per 5 ml) in gel form. This would correspond to 173 mg or 111 mg aluminium per application. For an adult, this would correspond to an exposure of 1.85-2.88 mg/kg bw per application. Hence, for a day on which a person has to take the respective drugs, an uptake of up to 33 mg Al/kg bw can result (Fischer 2014 ). This single intake would correspond to the sum of daily tolerable intakes over a period of more than 16 weeks, even if the higher PTWI-value derived by JECFA is used as a basis. However, the resorption rate in the gastrointestinal tract is significantly lower with a single administration of high doses of aluminium than with a continuous intake of low doses; aluminium from aluminosilicates is generally of very low bioavailability.
Other drugs contain aluminium, too, for example aluminium stearate as an excipient in tablet manufacture [up to 0.5-5%, (Hunnius 2014)] or for antidiarrheal drugs. Another possible source of exposure for aluminium may be raw materials in cosmetic products containing water-insoluble aluminium compounds such as minerals, glass and clay/alumina, carbohydrate compounds or fatty acid salts. Insoluble minerals, glass and clay/alumina are added to cosmetic products as bulk ingredients, colour pigments and mild abrasives. However, there is not enough data to estimate the exposure from these sources.
There are also no representative quantitative data available on the aluminium content in toys. According to investigations by the German official control laboratories, which check compliance with the limits from Directive 2009/48/ EC (see above), none of the analysed samples (90 in total) exceeded these limits and, hence, toys have "harmless aluminium contents" (Lubecki 2014) . However, migration from toys even below the current legal limit may contribute significantly to the overall aluminium exposure, especially for infants and toddlers. Currently, it is intended to lower the current migration limits in Directive 2009/48/EC by approx. 60% (https ://eur-lex.europ a.eu/legal -conte nt/EN/ TXT/?uri=pi_com:Ares(2019)89217 ), to adapt them to the current state of knowledge according to SCHEER (2017).
Estimation of aggregated exposure for different age groups
The relevant exposure contributions for different age groups are summed up below (Tables 7, 8) . To calculate exposure for "normally exposed individuals", the exposure to aluminium for normal food-consumers (mean or median, depending on the study) was used. Depending on the age group, additional contributions from sunscreens, lipsticks, toothpaste, antiperspirants and vaccines were considered. Additional contributions from the use of abrasive toothpaste and FCM were not taken into account. For the calculation of the exposure for "highly exposed individuals", the exposure values for high food-consumers (usually the 95th percentile) were used. In addition to the contributions for "normally exposed individuals", usage of aluminium-containing FCM and abrasive toothpaste was taken into account.
For infants, toddlers and children until 10 years of age, abrasive toothpaste, lipsticks and antiperspirants were not considered, because the use of these products in these age groups is expected to be very low. Vaccination was only considered as relevant source of exposure for infants and toddlers until the age of 24 months. For breastfed children, no additional intake from FCM was taken into account.
For infants, aluminium exposure is lowest if the children are breastfed (Table 7) . Without consideration of vaccines, even for breastfed children with high consumption the maximum exposure is 0.3 mg/kg bw/week. After weaning, the exposure is significantly higher due to higher aluminium content in the diet as well as possible additional contributions from FCM. For highly exposed infants and toddlers, the maximum exposure is 1.4 mg/kg bw/week when vaccination is not considered.
For age groups other than infants and toddlers, the weekly aluminium exposure is lowest for children between 3 and 10 years (Table 8 ). This is due to the possible high impact of antiperspirants and abrasive toothpaste in the older age groups. If only the non-avoidable contributions from food and cosmetics are considered, the weekly aluminium exposure is significantly lower and does not differ much between the different age groups.
For not occupationally exposed adults, the MAK Commission estimated a 95th percentile of renal aluminium excretion of 15 µg/g creatinine (Klotz et al. 2019) . A rough estimate of the daily aluminium intake (as oral exposure equivalents) can be calculated, if the following assumptions/ standard values are applied:
• Urinary aluminium concentrations in the studies resulted from continuous and relatively constant aluminium intake over a long time period. • Between 80 and 90% of the absorbed aluminium is excreted via urine (Priest et al. 1995) . .06-0.3  0.2-0.6  0.4-0.7  0.4-0.7 (3) Food, high-intake consumers 0.06 0.43-0.52 0.55-0.62 0.55-0.62 (4) FCM (containing aluminium) -0.50 0.50 0.50 Sum highly exposed persons without vaccination ((2) + (3) + (4)) 0.08-0.3 1.0-1.3  1.1-1.4  1.1-1.4 Other contributions (5) Vaccines 1-2 -Sum normally exposed persons after start of vaccination at 2 months ((1) + (2) + (5))
1.1-2.3 1.2-2.6 1.4-2.7 -Sum highly exposed persons after start of vaccination at 2 months ((2) + (3) + (4) + (5))
1.1-2.3 2.0-3.3 2.1-3.4 -
• Creatinine excretion is between 15 and 25 mg/kg bw/day, or 0.9-1.5 g/day for an adult with a body weight of 60 kg, respectively (Inker and Levey 2014). • Mean oral absorption rate is 0.1% (EFSA 2008).
Applying these assumptions, the aluminium intake (as oral exposure equivalents) for highly exposed adults (95th percentile) is calculated to 1.8-3.3 mg/kg bw/week. Despite the rough assumptions, this value is in good accordance with the exposure estimation described above (Table 8 ).
Discussion
For risk characterisation, the respective weekly aluminium exposure for the different age groups is compared to the EFSA-derived TWI of 1 mg/kg bw/week (based on developmental neurotoxicity) and the JECFA-derived PTWI of 2 mg/kg bw/week (based on impairments of the urinary tract and kidney), respectively (Table 9 ).
Risk assessment for infants and toddlers
The EFSA-derived TWI is exhausted or in some cases significantly exceeded for infants and toddlers (≤ 36 months), regardless of the type of diet (Table 9 ). The JECFA-derived PTWI can also be exhausted or exceeded in this population group (see also BfR (2012)).
A significant part of the exposure results from the vaccinations recommended by the WHO and the Robert Koch Institute (RKI 2017). However, these vaccinations have a high health benefit, both for the individual and for the population as a whole (RKI 2016) . Moreover, they only provide a relevant contribution to aluminium exposure in the first 2 years of life and not the whole of life. Clinical and epidemiological studies also show that exposure to aluminium from vaccines does not pose a health risk (PEI 2015; RKI 2016; WHO 2012) . However, the additional exposure of infants and young children to aluminium via food and FCM should be as low as possible. Exposure to aluminium in breast milk diets is significantly lower than in other diets (BfR 2012, Table 7 ). Particularly certain adapted diets (e.g. soy based, lactose free, hypoallergenic) lead to increased exposure. For non-breastfed highly exposed children, the calculation shown in Table 9 also includes an additional contribution from FCM made of uncoated aluminium. If such additional contributions are strictly reduced or avoided, the JECFA-derived PTWI is not or only slightly exceeded. However, an (partly significant) exceedance of the EFSA-derived TWI is possible particularly for high-intake consumers and children fed with certain adapted foods. This population group is thus subject to a potentially increased health risk which has to be seen critically, especially with regard to developmental neurotoxicity. 43 Sum normally exposed persons (sum (1) − (5)) 0.5-0.9 1.4-2.9 0.9-2.0 Sum normally exposed persons without antiperspirants (sum (1) − (4)) 0.5-0.9 0.4-0.8 0.2-0.6 (6) Food, high-intake consumers 0.82-1.02 0.58 0.42-0.44 (7) Abrasive toothpaste, high Al-content -1.0 0.72 (8) FCM (containing aluminium) 0.50 0.50 0.50 Sum highly exposed persons (sum (2) − (5) + Sum (6) − (8))
1.3-1.8 3.1-4.6 2.4-3.4 Sum highly exposed persons without antiperspirants, abrasive toothpaste and FCM (sum (2) − (4) + (6)) 0.8-1.3 0.6-1.1 0.5-0.8
Other contributions
Antacids, containing aluminium --1.85-2.88 mg/kg bw per application
Risk assessment for children and adolescents
For children between 3 and 10 years of age, summed aluminium exposure (Table 9 ) from the contributions considered here exceeds the EFSA-derived TWI only in the highly exposed group (details see Table 8 ). The JECFA-derived PTWI is not exceeded. For normally exposed children in this age group, weekly aluminium intake does not exceed the EFSA-derived TWI. An increased health risk is, therefore, unlikely.
A different picture emerges for 11 to 14 years old. For this population group, additional contributions from cosmetic articles have to be considered. The use of aluminium-containing antiperspirants and abrasive toothpaste with a high aluminium content results in a total aluminium exposure in the highly exposed group that is almost fivefold as high as the EFSA-derived TWI (or 2.5-fold as high as the JECFAderived PTWI). An increased health risk is possible on the basis of these values. Since aluminium also accumulates in the body and remains there for a very long time even after a reduction in intake, a high exposure of very young people must be viewed particularly critically.
However, if aluminium-containing antiperspirants, abrasive toothpaste and FCM made of uncoated aluminium are avoided, the weekly intake is reduced to a range of 0.4-0.8 mg Al/kg bw/week for normally exposed individuals and 0.6-1.1 mg Al/kg bw/week for highly exposed individuals (see Table 8 ). The JECFA-derived PTWI would thus not be exceeded and the EFSA-derived TWI would only be slightly exceeded in the high exposure group. An increased health risk would, therefore, be unlikely if the above-mentioned avoidable contributions were omitted consequently.
Risk assessment for adults
Similar to adolescents, the aluminium exposure for adults may, in some cases significantly, exceed the EFSA-derived TWI for normally exposed adults. In the highly exposed group, even the JECFA-derived PTWI may be exceeded by more than 50% (Table 9 ) and, thus, an increased health risk is possible. Cosmetic products contribute to a large (and through avoidance controllable) extent to this overall exposure (details see Table 8 ). Aluminium can cross the placental barrier, and the unborn child could also be exposed to aluminium. Antacids that contain bioavailable aluminium or form it in reaction with gastric acid can be an additional contribution to the overall aluminium exposure shown in Table 9 . Meanwhile, the WHO has removed these antacids from its "Model List of Essential Medicines" (WHO 2017).
By consequent reduction or avoidance of additional contributions (e.g. cosmetics, FCM), the overall aluminium intake would be significantly lower than both the JECFAderived PTWI and the EFSA-derived TWI. Hence, an increased health risk would be unlikely.
Uncertainty analysis
Uncertainties in the toxicological data
There is no consensus regarding the derivation of a (P)TWI (see above). Depending on the (P)TWI used for comparison Table 9 Summary of the aggregated exposure values (as oral exposure equivalents) for the different population groups and comparison with the oral tolerable weekly intake of 1 mg Al/kg bw/week (EFSA 2008) and 2 mg Al/kg bw/week (JECFA 2012); values printed in bold type refer to exhaustion or excess of the respective (P)TWI; "normal exposure" refers to average consumers and does not take into account additional (avoidable) inputs (e.g. antiperspirants, food contact materials), which were included in "high exposure" calculation (for details, see Tables 7, 8 with the calculated exposure, different conclusions concerning a potential health risk may arise, because a particular exposure might at the same time exhaust or exceed the EFSA-derived TWI, but not the JECFA-derived PTWI. Further research is needed concerning relevant toxicological endpoints, such as carcinogenicity and neurotoxicity of aluminium compounds. Nevertheless, up to now, there is no causal relationship between aluminium exposure and Alzheimer's disease or breast cancer development.
Uncertainties in the data used for exposure assessment
Aggregated exposure assessment based on several data sources as presented here naturally suffers from inherent uncertainties due to the different quality of the underlying data. Whereas the data on food exposure are based on comparatively large consumption and content data at individual level, the measured aluminium contents and data of use of cosmetics are based on assumptions or data sources that are not necessarily representative or do not cover the full variability. Thus, the contribution of each source to the total exposure might be affected by those uncertainties.
The dietary exposure assessment for adults is based on data from a pilot TDS. In consequence of the pilot character, uncertainties due to limited stratification regarding regional and seasonal variations in eating habits and the limited access to market share data arise. Nevertheless, the impact on the exposure outcome is considered as minor, since regional and seasonal variance is assumed to be low for environmental contaminants such as aluminium. In addition, standardised sampling strategies were applied to minimise the effect of missing market share data. Probably the highest amount of uncertainty, however, arises from a possible change of the consumption habits of consumers since 2005/2006, when the consumption data collection period of the NVS II took place. For infants and children, more recent data from the French TDSs were used. Nevertheless, uncertainties may arise from different dietary behaviour of German infants and children, despite the similar culture space.
A TDS measures mean analyte contents of pooled samples. Hence, it is appropriate to estimate background exposure levels. High analyte contents of particular single foods cannot be detected. Therefore, individuals, who frequently consume certain highly contaminated products, such as brand loyal consumers, might be exposed to a much higher extent.
The considered data on aluminium release from FCM are limited to a small selection of products. A certain overestimation of the respective contribution to aluminium exposure might be possible, because the data are obtained under conservative conditions (food simulant, time, temperature). However, since this contribution was considered only for highly exposed individuals, the impact on the total intake should be small. The data on aluminium contents of cosmetic products are very limited, too. Both the extent and the direction (under-vs. overestimation) of the contribution to the total aluminium exposure are uncertain. The standard application amounts and frequencies for different cosmetic products according to SCCS (2018) are suitable for a conservative risk assessment (application of 90th percentile, each). Nevertheless, different application habits may occur. For example, recent data (Manová et al. 2013) indicate that the number of days on which sunscreen is used may be significantly higher than assumed here and that there is a variability in gender and age that is not sufficiently reflected by the standards used here.
Due to the lack of representative quantitative data on aluminium contents in toys, the contribution from this source is not considered in the assessment presented here.
Methodological uncertainties
Since for aluminium, systemic toxicity has been extensively studied only after oral intake, contributions from dermal exposure were converted into a systemic exposure based on the dermal absorption rate of 0.014%, and afterwards recalculated into oral exposure equivalents that would result in the same systemic exposure, applying the oral absorption rate of 0.1%. The dermal absorption rate is based on an in vivo study on antiperspirants (Flarend et al. 2001) . For products other than antiperspirants leading to dermal aluminium exposure (e.g. sunscreen), it is unknown to what extent the use of the absorption rate of 0.014% can be justified, because these products usually contain matrix components or aluminium compounds different from those in antiperspirants (e.g. aluminium oxide or hydroxide instead of ACH, as often used in antiperspirants) and are applied to other areas of the skin. In addition, dermal absorption rates observed in a recent in vitro study are many times higher (between 0.6 and 2.0%) and suggest that aluminium is absorbed much better through damaged skin than through intact skin (Pineau et al. 2012 ). However, due to the somewhat artificial application mode as well as some uncertainties in the in vitro study, and in the absence of other data, the absorption rate of 0.014% from the in vivo study was used to calculate the systemic exposure after dermal absorption for all cosmetic products included here. However, it should be considered that higher aluminium levels might result from the use of aluminium-containing antiperspirants on damaged skin (e.g. after sunburn, shaving). Uncertainties may arise from the application of the oral absorption rate of 0.1%, too, because this value only represents an average of the results reported in a large number of studies with highly differing absorption rates (see above). For example, the oral bioavailability of aluminium ingested via lipstick might be very low due to the use of insoluble colour pigments and it is not known whether the aluminium oxide or hydroxide used as an abrasive in toothpaste is bioavailable to the same extent as aluminium compounds ingested with food.
The aggregated analysis of the different exposure contributions carried out here allows the comparison of the significance of the individual pathways and the provision of options for risk management. However, data on correlations between different exposure contributions are missing. Therefore, uncertainties arise from the aggregated consideration of different contributions. A probabilistic assessment might be more appropriate, but would require sound assumptions on correlations or data on consumer behaviour considering all exposure contributions based on the same study population. With this, evaluation of variability and a more accurate exposure assessment on high percentiles would be possible. Additionally, human biomonitoring data could provide a valid basis for the actual internal exposure resulting from aggregated external exposure. The 95th percentile of the urinary aluminium concentration of not occupationally exposed adults, estimated by the MAK Commission (Klotz et al. 2019) , corresponds to an oral exposure equivalent, which is in good accordance with exposure estimation presented here. However, these data are less appropriate to derive specific risk management measures.
Conclusions
More recent data (see results) indicate a significant reduction in aluminium intake from food compared to older data resulting in only a slight exceedance of the weekly tolerable aluminium intake (TWI) of 1 mg Al/kg bw/week derived by the EFSA (2008) for high-intake consumers aged 3-6 years. For all other age groups, even high food consumption does not result in an exceedance of the TWI. The highest average exposure (3-6 years old children) is 64% of the TWI. Hence, no health risk due to dietary uptake alone is to be expected.
However, additional sources of exposure, such as the use of FCM made of uncoated aluminium, or the frequent use of aluminium-containing cosmetic products, could result in a permanent exceedance of the (P)TWI for a very large number of consumers in all age groups and lead to increased accumulation of aluminium in the body. A shortterm exceedance of a (P)TWI does not automatically result in a health risk. Nevertheless, considering regular longterm intake levels for aluminium of multiples of the (P) TWI (Table 9) , the existing contributions should be critically reviewed to reduce the overall aluminium exposure. This holds true even more if the severity of possible adverse effects (neurological damage, kidney and urinary tract damage) and the long half-life of aluminium in the human body are also taken into account. In this course, it seems suitable to • exclusively breastfeed infants in the first 6 months, if possible • examine the sources of contamination of foodstuffs with aluminium during production, processing and packaging (e.g. the elimination of aluminium baking trays in the production of lye biscuits (BfR 2002) , the avoidance of uncoated aluminium meal trays to heat food or keep it warm (BfR 2017b)) and, where possible and appropriate, the use of raw materials with low aluminium content • avoid contact of uncoated aluminium FCM with (especially) acidic and salty foodstuffs • reduce usage of aluminium-containing cosmetics such as antiperspirants or abrasive toothpaste
Compliance with ethical standards
Conflict of interest The authors declare that they do not have potential conflicts of interest.
Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0 International License (http://creat iveco mmons .org/licen ses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, and indicate if changes were made.
